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Abstract

Experiments aiming at the assessment of suitable parameters for
an airborne laser fluorosensor have been performed. Particular
emphasis is put on the possibilities to characterize an o0il spill
by overflying a slick, first detected e.g. by a side-looking
airborne radar (SLAR) system. A practical system suitable for a

small aircraft is proposed.

1. Introduction

0il spills from tankers, deliberate or accidental, constitute a
major threat to coastal regions, and efficient detection systems
allowing a launching of adequate counter measures are of great
interest. 0il slick detection can be based on different physical
principles, such as differences in the reflection of microwaves
or IR radiation, or on the monitoring of fluorescence following
laser excitation. A side-looking airborne radar (SLAR) system
operating on c¢m waves constitutes a particularly powerful,
all-weather imaging detection system. Such a system is based on
the reduction in the sea clutter in the microwave scattering
because of the smoothing of the surface capillary waves that
normally are present on the sea surface when the wind speed
exceeds 10 m/s. However, while a spill is effectively localized
using such a system little information on the nature of the oil
is obtained. Laser-induced fluorescence (LIF) yields such infor-
mation by analyzing the spectral distribution of the emitted
light.

The present report concentrates on the possibilities to use a

simple laser fluorosensor for characterizing oil-spills that have



Fig. 1. SLAR detection and LIF characerization of a marine oil

spill.

already been detected by a SLAR system as outlined in Fig. 1.
Especially, we consider the possibility to supplement the
Swedish Maritime Surveillance System, developed by the Swedish
Space Corporation, with such a unit. The existing system incorpo-
rates an Ericsson SLAR system and an optional Ericsson IR
scanning radiometer. Both units provide images of the sea surface
showing areas covered by o0il. The IR system yields some informa-
tion on the o0il layer thickness. None of the instruments gives
any information on the o0il type. Thus, a laser fluorosensor would
be very valuable if 1t could provide the lacking information
leading to a possibility to decide what action responsible
authorities should take to minimize damage and cost. Since the
surveillance system 1is intended for small aircrafts, size and

weight of a LIF system are important considerations.

Considerable research and development work concerning airborne
maritime LIF monitoring has been performed by many groups since

1970. These efforts include theoretical calculations, laboratory



measurements and flight tests. Some of the material on remote LIF
0il detection and characterization can be found in Refs.[1—15].
The suppression of the water OH-stretch Raman emission because of
the o0il absorption has also been efficiently utilized to detect
and quantify oil spills. By studying asymmetries in the water
Raman band from uncovered water, temperature can be assessed,
since the fractions of mono-, di- and polymer water vary with
temperature [16,17,18]. Closely related to o0il studies are
investigations aiming at studies of pelagic algae observing the
685 nm chlorophyll LIF peak [19-28]. Airborne lasers can also be
used for non-spectroscopic applications such as laser bathymetry
[29—33] using the blue-green transmission window of water. Our
group has also been involved in prior activities in the 1laser
marine probing field. Our studies include determinations of LIF
signatures for o0ils and other chemicals, algae and fish [3“-39].
Bathymetric tank experiments have also been performed [MO]. LIF
as well as bathymetric tests have been performed in coastal

Swedish waters in a ship-based field test [41].

In considering airborne LIF measurements for characterizing oil
slicks many aspects have to be taken into account. The question
whether it is possible to distinguish between different types of
oil using their spectral VLIF signatures must be answered.
Further, the strength and signature of the o0il fluorescence 1in
comparison to the fluorescence from water, algae and "Gelbstoff"
is another important point. It is highly desirable to be able to
operate a fluorosensor also during daytime, and therefore the
influence of the background light in the detection of the visible
LIF is of paramount importance. Since the background radiation
level B is largely independent of the object distance r, while
the LIF signal is reduced with an 1/r@ dependance, the possible
operating height will be strongly influenced by the 1level of
background radiation and, of course, also by the available laser
power P. Clearly, it is advantageous to operate with a low beam
divergence, since the receiving telescope field-of-view can then
be reduced accordingly with a corresponding reduction 1in the
background signal. What has just been said can be expressed in a

formula for the received signal S:



S = C %P % ¢2 % £(g) * F(A) / r? (1.1)

Here, f(¢§) is a function of the oil layer thickness §. For low §
values f(§) increases 1linearly with & to finally vreach a
saturated value fsat’ which is obtained for "optically thick"
layers. F(A) represents the spectral response of the detection
systeml (photomultiplier and optical filters). C is a system
constant and ¢ is the telescope diameter. The.signal should be

compared with the background signal B, which can be expressed as
B = I (T) * at * g * 2 % F()) (1.2)

where IS(T) is the surface radiance that strongly varies with the
time T of the day/night. B is reduced by keeping the solid angle
of observation Q low and by using a short gate time At in the
detection system. However, it should be noted that At must be
sufficiently large so that signal is not lost because of small
variations in the flight height r. Clearly the surface echo
occurring at a time delay of 2r/c after the transmission of the
laser pulse, ¢ being the velocity of light, must fall inside the

gate window At.

In the next section we will first describe laboratory
measurements of fluorescence spectra for oil and water
samples.Then experiments in which the fluorescence from remote
samplesvwas detected using transient digitizing techniques in a
LIDAR set-up with filter-selected spectral bands are presented.
This is followed by an account of remote measurements on a water
barrel wusing full spectral resolution. In Section 3 we will
discuss the results and draw conclusions from our measurements.
In a final section a prototype airborne fluorosensor is proposed,
that wunder specified conditions would provide the spectral
information that would complete the measuring capabilities of an

airborne maritime surveillance system.



2. Measurements

In preparation for subsequent measurements, spectra of relevant
0il and water samples were captured in the laboratory using the
set-up shown in Fig. 2. A EG&G PAR optical multi-channel analyzer
Model 1215 with a Model 1420 detector in the focal plane of a
Jarrell-Ash Monospec 18 spectrograph was used. The light source
here, as well as in the other measurements performed, was a
nitrogen laser which emitted 3-5 ns pulses at 337 nm with a
maximum repetition rate of 20 Hz. The elastically scattered laser
light was suppressed by means of a Schott WG 360 cut-off filter
in front of the -entrance slit of the spectrograph. As an
intensity standard a specified layer thickness of a 70 ug/#%
solution of Rhodamine 6 G in water was used. The fluorescence
intensity of this standard at its peak wavelength defines the

intensity unit. In Figs. 3a and 3b the spectra of some relevant

Optical multi- P-80 X - Y
channel > —® '
analyzer Computer Recorder
[}
| . S N2
ijr\‘ T vV | Laser
Y

Monochromator
with <@<:3E
diode array

Sample — 2

Fig. 2. Laboratory set-up for spectral studies of laser-induced

fluorescence.
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0ils are shown. It can be seen that oils of the same type exhibit
similar fluorescence while the different types differ considerab-
ly from each other. This is in accordance with the results in
Ref. [3&] in which a large number of o0il fluorescence spectra
have been examined. The peak at 674 nm is the laser light reflec-
ted in the second order by the spectrograph grating. In Fig. U4a
and b some different water spectra are shown. The peak at 384 nm
is the Raman peak due to the OH stretch vibration at 3400 em™ 1.
All spectra have been corrected for the varying spectral response
of the detection system. To distinguish the oil type the intensi-
ty at three different wavelengths, A at 410 nm, B at 465 nm and C
at 525 nm can be measured and the ratios A/B and B/C formed. A
crude oil would then give A/B < 1 and B/C > 1, a heavy fuel o0il
A/B < 1 and B/C < 1 and a refined product A/B > 1 and B/C > 1.
The intensities at these wavelengths and the ratios are tabulated

in Table 1 The reason for comparing wavelength intensities by
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forming ratios is, as pointed out in Ref. [uz], that a dimension-
less ratio 1is insensitive to target distance changes, laser

power fluctuations and target topography variations.

INTENSITY AT RATION
A E C . .
B E/C
a10nm| 465 nm | S2Sam | !
STATF.JORD 19 27 21 0.70 1.3
CRUDE
NIGERI&N BONNY 12 19 14 062 1.4
MEDI UM CRUDE
BRENT 11 18 16 0.61 1.1
CRUDE
HEAYY FUEL 25 53 6.6 0.47 | 080
OILE4ID
HE&YY FUEL 25 56 6.6 0.45 | o0s8S
OILES1D
FUEL OIL 1 75 23 43 2.6 6.7
{DIESEL)
QUAKER FERRO- es g 10 22 39
COAT REZ8
HORTH SEA 0.001 |0.00085{0.00045 1.2 1.9
WATER

Table 1. Intensities at different wavelengths for the oils in

Figs. 3 and the water in Fig. 4a and some relevant

intensity ratios.
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2.2. Range measurements

Range measurements were performed outdoors through an open
window., A range overview is shown in Fig. 5. The o0il was placed
in a tub on the roof of a building about 70 m away and the beam
was deflected down into the tub by a mirror. An optically thick
0il sample was placed in the tub, either on the bottom or on top

of a water layer as indicated in the figure. A surface monitoring
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Fig. 5. Overview of range measurements set-up.

system that was constructed at the department and described 1in
Ref. [38] was used. A lay-out of the system is shown in Fig. 6.
The nitrogen laser was a PRA Model LN 250 emitting 5 ns pulses
with 250 uJ of energy. To get a low beam divergence the laser
light was passed through beam-shaping lenses. Due to reflection
and transmission losses the pulse energy out from the system was
reduced to about 100 pwJ. Two different telescopes were used, a
¢=15 cm lens telescope as shown in Fig. 6 and a Newton telescope
with 25 cm diameter. For the detection, a photomultiplier tube
(PMT) for each telescope was used. In front of the PMT's bandpass
filters were placed. Measurements were performed at three diffe-
rent wavelengths in the violet, green and orange region. The PMT
signals were recorded either by a transient digitizer (Biomation
model 8100) having a 10 ns resolution, or by the gated inte-
grators (500 ns gate width) in the surface monitoring system

(Evans Associates, Model 4130) as shown in Fig. 7.



UM Mo ITIWVIYLTUNRVTING DT9T0

N, -LAseR

Y, 2

T
- L_PHOTOMULTIPL ERs

CON TROL
Dispy ay UNz”

Fig. 6. The surface monitoring system used for the gated
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Fig. 7. Laboratory set-up for range mesurements.
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Figs. 8-10 show different recordings from these set-ups. In Figs.
8 and 9 the target consisted of Quaker Ferrocoat 6828 rust-
protective o0il (spectrum in Fig. 3b). Fig. 8 shows transient
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digitizer traces from single shots recorded at different wave-
lengths with two different telescopes under different ambient
light conditions. In Fig. 9 a recording of the same signals with
the gated integrétors is‘shown. It is clear from the figures that
the ambient 1light level 1is Qery important for the detection
limits. The 600 nm signals are evident with both the detection
systems at night-time but they get completely buried in the

background when daylight is present. The gate width is important

TRANSIENT GATED
DIGITIZER INTEGRATORS
420 |sS00/525| oo 420 |sS00/525] €00
nro om nro nrn nro nrn
SMALL -
reeccore | 39 3 <1 Lz <1 <1
DAY —
FLE .
TELESCOPE | © o0 A 3 5 1.5 <1
SMALL
TeLescore | R0 >80 35 4 4 15
HIGHT
LARGE i
retesoee | 090 | ¥50 35 3 3 z

Table 2. S/N-ratios for different detection combinations.

for background light suppression.
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despite the absence of background

in Figs. 8g-8m. This 1is photon Fig. 10. Folded-path LIF. The

noise due to the limited number mirror was adjﬁsted
of photons reaching the tele- S0 that the laser
scope. The pulse-to-pulse varia- beam hit the target
tions are not seen in the tran- 140 m away.



sient digitizer recordings since these cover single shots only.
The S/N ratios for these measurements are evaluated in Table 2.Iﬁ
Figf 10 a folded path recording made with the transient digitizer
is Shown. In this case the mirror in Fig. 5 was arranged so that
the laser beam was reflected back towardé the window adjacent to
the set-up and there the target was placed. Thus, the target
distance was 140 m. The target consisted of a normal piece of
bleached papeé, which fluoresces even more 1intensely than the
Ferrocoat 6828 o0il. The fluorescence of the mirror contaminations

is seen at 70 m distance.

The day measurements in Figs. 8-10 were all performed under
cloudy weather conditions. 1In bright sunshine the background
light problem of course increases. This is demonstrated in Fig.
11. Fig. 11 contains a recording of signal and background levels
at U420 nm obtained at different laser pulse energies. Here, a
tripled Nd:YAG laser at’ 355 nm was used as a light source in
connection with the gated integrator detection system with 500 ns

gate and the 15 cm telescope. The distance was 70 m and the

"t 016 m) 0.32m) 0.64 m) 11m) 3.3 m) 6.3 m)

W\/\ N
" ‘\’/,."Lr}'-‘u’"

ol ol e Rl T TolT o Toll [ ToTaT 4 ToT T vine

0- signal tevel without laser transmission

1- signal level with laser transmission

2- signal level without [aser transmission
when a cloud passed by

Fig. 11. Gated integrator recordings of the 420 nm fluorescence
of the Quaker Ferrocoat 6828 o0il, induced by different
laser pulse energies from a 355 nm Nd:YAG-laser. The
magnifications are different for the curves, which means
that only the S/N ratios are significant for a compari-

son between the curves,

—
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target was again the 6828 o0il. The recording was performed on a
bright sunny April day. In the second recording in Fig. 11 a
cloud passed by, however, and as can be seen the background lével
difference between cloudy and sunny light conditions is evident.
As a matter of fact, it can be seen that the o0il fluorescence
signal level is only about 1/3 of the sunshine background signal.
It is also seen in the figure that under these circumstances a
pulse energy of a least 0.3 mJ is required to get an acceptable

signal-to-noise ratio.

2.3 Measurements in water

As a comparison to the oil

fluorescence studied in

e T
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Fi 13. Photographs of the parrel and the set-up used for the

ig.
measurements with water. The size of the barrel was h =

1.80 m and ¢ = 0.5 m.



Both kinds of setups described in Sections 2.1 and 2.2 were used
for these experiments. Thus, in one part of the measurements the
optical multi-channel analyzer from 2.1 was placed behind the
collecting 15 cm telescope. The set-up is shown in Figs. 12 and
13. A strong signal had to be present to capture the total
épectral information from the fluorescence at this distance. In
particular this was needed in a measurement performed to make
clear to what water depth it was possible to detect a target
with our equipment. For this purpose we used a plastic sheet,
that had a strong fluorescence centered at about A=410 nm when
illuminated with the N-,-laser. This sheet was placed on the
bottom of the barrel, which slowly was filled up with water. (All
measurements were performed with tap water. A comparison between
tap water and sea water 1s done below). For each 10 cm water
depth 1increment a spectrum was acquired. Some of these record-

ings are presented in Fig. 14. The penetrating laser intensity

A INTENSITY

80 cm water x7.2

_ o

@
_| /"WJ\_/ J@'J’;wm -

=

b
W 20cm water =18

odl— __1 AW

Scm water
—+—o WAVELENGTH
800 nm

Fig. 14, Spectra of a plastic sheet in water for different water
depths. The plastic fluorescence peak is centered around
A = 410 nm and the peak at 674 nm is the reflected laser

light in the second grating order,



should decrease according to Beer-Lambert's law as
I=Ioe'ax, where o is the absorption coefficient for water at the
laser wavelength used and x is the actual penetration depth. The
plastic fluorescence measured at a specific wavelength should

therefore be
I,(d) = I5(1-R;)2q e”(arf)d (2.3.1)

B is here the absorption coefficient in water for the detection

wavelength, d is the water depth, is the plastic quantum yield

q
p
and R1 is the reflection in the air-water surface.

In the experiments, however, the measured quantity is the plastic
fluorescence with the water fluorescence added. The water
fluorescence will be integrated with the depth. If wé neglect the
reflection in the plastic sheet, 1limit the broblem to a first
order approximation and assume that a constant fraction q (the
water quantum yield) of the absorbed laser energy will cause
fluorescence 1into the right solid angle, the fluorescence

intensity from the water will be

L0G

4’ INTENSITY
RELATIVE
UNITS
LS e water
o-———-—
- ] L_2o om water
LLO o water
[ et
‘ 80 cm water
[ b~ > WAVELENGTH
00 S00 600 0 80

Fig. 15a. A logarithmic representation of part of the curves in
Fig. 14. Observe that the curves have shifted place

compared to Fig. 14.
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d 1 - e~ (a*g)d

I,(a)=I5(1-Ry)2 qe”(@*B)Xax = 1,(1-R{)2q, -—--=-------- (2.3.2)
0 a+ B

Now, the plastic fluorescence is much stronger than the specific
water fluorescence, which therefore should not influence the
measurements 1in shallow water. Only when most of the laser
intensity is absorbed in the water it should affect the
fluorescence spectrum. The peak fluorescence intensity should
therefore approximately decrease linearly for small depths in a
logarithmic plot. This is also shown in Figs. 14 and 15. Fig. 14
shows the attenuation of both the 1laser and the fluorescence
light. They are not equal but the 1laser wavelength 1s more
suppressed than the 410 nm fluorescence in water. It can also be
seen that the water fluorescence at about 440 nm is growing with
the depth. Figs. 15 a and b show that the natural logarithm of
the measured intensity decreases almost linearly with the depth
for small water depths. For deeper water the water fluorescence
is no more negligible and affects the total measured intensity.
It will of course saturate on the level for infinity deep watef

when d has increased beyond a certain depth.

- LDg
¢ Intensity
3 . _
A=410nm
..\__
\'\.
-
4 \3”-\_
e,
-
\-
.\"\_,__
e iater Depth
-q.
10 S50 100 150 cm

Fig. 15b. A logarithmic plot of the peak intensity values

recorded in the same set-up as in Fig. 14,



However, in the present investigation different o0ils are
primarily of interest, but the fluorescence intensities from oils
were too weak to make a meaningful repetition for an o0il of the
just described experiment possible, at least with the equipment
used. Despite of this, it 1is of interest to compare the
integrated water fluorescence with the o0il fluorescence spectra.
A spectrum from water, 2 m deep, is in Fig. 16 compared with one
from a crude oil. This figure shows that the fluorescence from
water is almost cbmparable with the weakest o0ils in intensity, at
least in the blue region of the spectrum. This fact can be worth

noticing when chosing suitable wavelengths for distinguishing

f
/A\WP

Y

between oils.
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Fig. 16. Spectra of optically thick tap water (2m layer) and an
optically thick crude oil.

A comparison for tap water and sea water is shown in Fig. 4b. The
fluorescence of sea water as well as of tap water clearly varies
a lot for different places and for different times. In all our
measurements, however, sea water always had the weaker

fluorescence.

The setup from Fig. 7 was used to detect 0il on the bottom of the
barrel and to do measurements with temporal resolution. The
measurements with the plastic sheet was repeated, but now with a

PMT as a detector. The experiment was also performed at night

19



time, when it was possible to have a maximum voltage on the PMT
without drawing a too high background dc current. The oil
exposed was the heavy fuel o0il E 410 (Fig. 3a), enclosed in a
fluorescence-free quartz bulb not to contaminate the barrel.
(Oils are optically thick already at a few um layer thicknesé
[39].) The bulb was large enough to cover the whole beam diameter
when it was placed in the barrel. Curves for the wavelengths 420
and 500 nm are shown in Figs. 17 and 18. The signal levels were
small and no signal at all was significant at 600 nm even when
the o0il bulb was directly exposed without water. The sensitivity
in the red region is very low for the PMT used (S-4 response).
However, in order to ¢try to explain the result for the two
wavelengths used, one has to study both the o0il and the water
spectra in Fig. 3a and Fig. 4, respectively. The o0il spectrum is
broader and also shifted to the red compared to the water
spectrum. At 420 nm the intensities do not differ much. One can
measure the water intensity and the water plus o0il intensity by
moving the bulb outside and inside the laser beam, respectively.
Since the fluorescence is about as strong for water as for oil,
the measured intensity 1is expected to be about equal for all

water depth. In an intermediate state with little water

4+ HRelative 4+ Helative
Intensity Intensity
:)\ =420 nm }\ =500 nm
L 2
L 2
//\ - * Pure water
F o
S ‘Water - covered o
¢ oil
f' o o Water -covered
/ = oil
L
/ s * Pure water
¥ Water Depth f . Water Depth
e S e e e — A e o A A — L
10 20 30 40 50 ¢m 10 20 20 40 50 cm
Fig. 17. Signal intensities from Fig. 18. Signal intensities from
the PMT measurement on the PMT measurement on
heavy fuel o0il in water heavy fuel oil in water
at 420 nm for different at 500 nm for different
water depths. water depths.
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fluorescence and more fluorescence from the o0il the fluorescence
intensity is greater in the lower part of the barrel than in the
upper part, but it 1is then filtered by the water. Adding the
intensities expressed by Eq. (2.3.1) and (2.3.2) gives that the
fluorescence intensity from oil and water should be constant in
this case in a first order approximation since I (=) = I,;;(0).
The actual measurement result can be seen in Fig. 17. To get an
approximation of the 0il signal the water fluorescence signal may
be subtracted from the water plus oil fluorescence signal. In
doing so an over-compensation is made since the barrel bottom
reflectance is larger than the reflectance of the bulb. This
affects the signal 1level to the depth at which the reflected
laser intensity is negligible. For the fluorescence at 500 nm the

situation is totally different. The o0il fluorescence 1s here much

stronger than the water
fluorescence. The measured oil 0D Cistance/m
signal level should therefore 1@/“ “#f

moth surface

approximately follow Beer - 4
Lambert’s law. The result of L, agitated surface

this experiment is that it 1is
not possible to detect oil at
a depth beyond 20 cm with the

N,-laser used.

The time~-resolved measurements

were performed to study how

much the water surface state inmnng

influenced the results. Both

the elastically scattered

light at 337 nm and the ‘
fluorescence 1light at 420 nm Fig. 19. Temporally resolved
was included in this  ©brief signals from the ¢tran-
investigation. Examples of sient digitizer measu-
typical curves from the ring the elastically
transient digitizer in the scattered 1light at 337
elastic case are shown in Fig. nm. The curves are
19. It shows a prompt signal typical for what may
énd an echo from the target. happen if the laser beam
For the smooth surface the is directly reflected

signal level from the target into the telescope.



was very stable, but for the agitated water surface sometimes a
huge signal from the specular reflection straight into the
telescope turned up. A histogram showing this effect is presented
in Fig. 20. For fiuorescence light detection a corresponding
influence could be caused by reflected sun light. This effect
was, however, not measurable in our case. The fluorescence signal

is very independent of the surface topology.

+ Number
1 of 4+ Number
pulses —3 of
E 50 ' 42c pulses
L 40 120 Agitated
water
cirfar
Smooth — surface
30 surface 118
s L
L 20 {19
10 i
r“[*}‘_i——}_—f—i_—{__ Relative Relative
e e e o o S e bt L4t 4t <t i i {p——b
0.5 a.7? 0.8 0.9 1.0 1.1 1.2 [ntens;tg 0.2 0.6 1.0 2.0 3.0 4.0 5.0 lntensitg

Fig. 20. Histograms for the ratios between target echo and start

echo for the elastically scattered light at 337 nm.

3. Discussion

In order to distinguish between the three main o0il types,
detection in three wave-length bands 1is necessary as pointed out
in Section 2.1. In an airborne system the intensities must be
measured simultaneously. A problem may be that water might be
confused with the refinéd products as seen in Table 1. Both the
refined products and water will give A/B > 1 and B/C > 1. To
avoid this confusion a fourth channel, D, détecting the water
Raman peak at 384 nm can be used. A comparison between the 384 nm
and the 410 nm signal (D/A) will eliminate such errors.
Characterization of o0il more than a few centimeters below the

water surface will despite this be difficult since the water

22



fluorescence and the water filtering of the o0il fluorescence

changes the spectrum.

The competition with daylight is the most important limitation to
the detection possibilities of an airborne system. The signal-to-
background ratio 1is affected by the laser pulse energy, the
target distance, the gate width (if gated integrators are used)
and the quantum efficiency of the target approximately through

the relation (compare (1.1) and (1.2))

S/B ~ mmmmmmmmmmmceeo (3.1)
ré ¥ At % g X I_(T)

where P is the laser power, q(i) is the target quantum efficiency
at the actual wavelength, r is the target distance, At the gate
width, Q the telescope field of view and I4(T) the target surface
radiance. The o0il layer is assumed to be optically thick and the
solid angle was kept <constant in all our measurements. The
telescope field of view must cover the spot illuminated by the
laser beam which means that § is determined by the beam
divergence. With the Quaker Ferrocoat 6828 o0il, 70 m measuring
distance and a gate time of 500 ns, 0.3 mJ of laser pulse energy
was required at 420 nm to get a good S/B ratio in bright sunshine
as seen in Fig. 11. The fluorescence intensity of a heavy fuel
0il at 410 nm is about 30 times less than the intensity of the
6828 o0il at 420 nm. That means that the distance has to be
reduced a factor (30)1/2 or the laser power increased wWith a
factor 30 to get the same S/B ratio. On the other hand, if the
gate width could be diminished e.g. to 50 ns, a factor 10 could
be gained, that is a laser power of 0.9 mJ would do at 70 m
distance. With the nitrogen laser used in the other measurements
in Section 2.2 (with 100 uJ output energy per pulse) and a gate
time of 500 ns, a targét distance of maximum 8 m would be allowed
in order to make a 410 nm detection of a heavy fuel o0il possible.
As seen in Table 1 this is the weakest intensity at the tabulated
wavelengths amonglthe o0ils investigated. It is not much stronger
than the water fluorescence and it is therefore especially
important in this case to know how the water influences the

measurements, for instance with the use of the Raman peak. Some

no
w



Wave- Type Pulse Quantum Gate Tele- Dis~-

length of energy effici- time scope tance
(nm) 0il (md) ency (ns) radii (m)
(cm)

Daytime measurements

k1o Quaker Ferro- 0.3 Q4 500 15 70
coat 6828

410 Heavy fuel oil 0.1 qQ4/30 50 15 8

410 Heavy fuel o0il 1.8 q4/30 50 15 100

Nighttime measurements

600 Quaker ferro- 0.1 q47/30 500 25 30
coat 6828

410 Heavy fuel o0il 1.8 qq/30 50 25 300
Table 3: Examples of parameter combinations for an

acceptable signal.

combinations of parameters for a LIF detection system is shown in

Table 3.

The background changes will also cause problems. The addition of
the background light to the signal will give an offset changing
the ratios formed. The background can be measured separately,

however, using the double-gate technique discussed in Section 4.

At night-time the I, value is very low and thus it is not the
background light but the electronic noise compared to the number
of signal photons reaching the system that sets the detection
limit. Here, a larger diameter telescope yields a better signal,

which 1s not true at day-time. At day-time a larger telescope
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collects more signal photons, but it also collects more back-
ground photons and thus does not increase the S/B ratio (for
constant laser power) as seen in (3.1). During night-time the
gate width has only a small influence. An approximate relation

for the signal-to-noise ratio in this case would be (cp (1.1))

P ¥ g % 92 % F(3))
S/N ~ =---mommmmmme e (3.2)

where ¢ is the telescope diameter and F(A) the spectral response
of the detection system. Extrapolating from Fig. 9 a target
distance of 30 m would bé possible with a ¢=25 cm telescope at
night-time to detect a heavy fuel o0il at 410 nm with a laser
output of 100 uJ per pulse. It is less background light at night
so PMT's can manage a higher voltage and are therefore more
efficient detectors. However, all parameters but the telescope
diameter are set for the day-time measurements. It should be
desirable with a higher flighing altitude when it is dark. To be
able to measure at 300 m height with the given parameters (1.8 md

pulse energy) the telescope diameter needs to be 25 cm.

L, Construction Considerations

The different laser types that could be considered for an air-
borne system are listed in Table 4 together with some relevant
properties, Excimer lasers have some chemical hazards and require
special ca{e. They also produce strong radio-frequency noise and
their beam divergence is high. Copper vapour lasers have a very
high repetition rate and low beam divergence. They need some
maintenance, however, they need an hour warm-up time, they are
heavy and the wavelength is not well suited for LIF. A small
sealed-off nitrogen laser is 1light and easy to handle; Nitrogen
lasers with larger pulse energy and higher repetition rates than
20 Hz are bigger and constructed for a continuos gas flow. They
also produce rf-noise. All nitrogen lasers have a large beam
divergence. A small tripled Nd:YAG laser seems to be the best
alternative with 1its high energy and low beam divergence. The

crystal mounting may require some maintenance when in an air-



technique.

Another factor that must be controlled is the changing background
I5(T). If a background is superimposed on the signals it will of
course affect the ratios A/B etc. The background level can be
measured by opening the gate a second time without any
fluorescence light present. This gate should be as close as
possible to the gate that detects the signal so that the back-
ground does not change in the meanwhile. From Fig. 8 a-f we infer
that this second gate must be at least 100 ns long. This signal
could be used also as an input signal for regulating the high

voltage to the PMT's in order not to saturate them.

A telescope size of ¢ = 25 cm should be enough. A mirror tele-
scope may be preferrable to a lens telescope since a mirror

telescope is achromatic.

Conclusion: A system using a laser as a 1light source should
employ a tripled Nd:YAG laser or possibly a large nitrogen laser.
The telescope should be a 25 cm diameter mirror telescope and the
detection electronics gated integrators, the gate being trigged
from the =elastically scattered signal. Double-gate technique
should be employed +to avoid Dbackground influence and the
characterization is best done by means of forming dimensionless
ratios. It is probably most convenient to let the signal handling
be done by a computer. Such a system should be capable of
operational characterization of o0il spills on or very close (dm)
to the water surface. The prospects for detection and

characterization of sunken o0il with fluorescence techniques seem

small.

The potential of flashlamps in air-borne fluorosensors should be

investigated.
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